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INTRODUCTION 


When Kilauea Volcano in Hawaii erupts, lava frequently fountains to 
over 300 m in the air. Wind-borne material covers extensive areas with 
several metres of tephra (volcanic ash), burying the previous communities 
and creating a new substratum for primary succession. Even where 
temperatures are moderate and rainfall heavy, colonization is relatively 
slow (Smathers & Mueller-Dombois 1974); vegetation cover can remain 
sparse (<10%) 25 years after an eruption. 

Tephra is fairly rich in bases and in phosphorus, but it contains no 
organic matter or fixed nitrogen at the time it is deposited. The total 
nitrogen content of soil increases gradually with time in soil development 
until about 4000 kg ha™' are present in 200-year-old sites (Vitousek et al. 
1983). Nitrogen availability (estimated by release of inorganic nitrogen 
from incubated soil) remains low for at least 1000 years, and low foliar 
nitrogen concentrations suggest that the productivity of early successional 
vegetation is limited by nitrogen (Balakrishnan & Mueller-Dombois 1983; 
Vitousek et al. 1983). Many of the colonizers are native species with low 
relative growth rates. 

Clearing an established Hawaiian rain forest (while leaving the soil 
intact) sets entirely different dynamics in motion. Colonization is rapid, 
and the colonizers are predominantly introduced species with rapid 
growth rates. Resource availability following forest clearing in Hawaii has 
not been studied systematically, but considerable information has been 
obtained from comparable studies of forest clearing in premontane rain 
forests on tephra soils in Costa Rica. Clearing of Central American rain 
forests involves felling the vegetation early in the dry season, followed by 
burning 2—3 months later (Ewel et al. 1981), Once the rains begin, 
revegetation is rapid, often leading to a 3—5 m tall closed canopy within 
months (Harcombe 1977). Large amounts of both total and available 
nitrogen are present in volcanic-ash derived Costa Rican soils (Berish 
1983; Sollins, Spycher & Glassman 1984). Nitrogen availability further 
increases to extraordinarily high levels (>100 kg ha~' month™') during 
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the 6 months immediately following clearing and burning, then returns to 
background levels (Matson et al. in press). This brief pulse of available 
nitrogen is associated with the establishment and growth of nutrient- 
demanding, often non-mycorrhizal species with high relative growth 
rates. 

Patterns of nitrogen availability during primary succession on tephra in 
Hawaii are contrasted with those for cleared and burned sites on tephra- 
derived soils in Costa Rica in Fig. 10.1. The direction, the magnitude, and 
the time-scale of changes are strikingly different. What controls these 
differences? What are the consequences for colonizing species? To what 
extent can colonizing species determine or alter these patterns? 


SEMANTICS 


Discussions of succession and resource availability generally involve 
semantic difficulties. We would like to address two potential problems at 
the beginning: the distinction between primary and secondary succession 
and that between resource supply and resource demand. 

The distinction between primary and secondary succession has long 
been with us (Clements 1916), and results such as those in Fig. 10.1 
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Fic. 10.1. Net nitrogen mineralization during the course of primary (above) and secondary 
succession on tephra-derived soils. Results for the primary sere on Kilauea Volcano in 
Hawaii from Vitousek et al. (1983); for the secondary sere at Turrialba in Costa Rica from 
Matson et al. (in press). 
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demonstrate its utility. As originally defined, primary succession was 
distinguished by the absence of ‘reaction’ (to the actions of organisms) in 
the soil at the start of succession. In practice, that meant the absence of 
soil organic matter that had developed in situ. Other definitions have 
been used (cf. Clements 1928; Lawrence 1979; Miles 1979 and Chapter 
1), but we see no reason to prefer them to the original. It must be 
recognized, however, that many seres are intermediate in character be- 
tween primary and secondary (Miles 1979). While some are clearly prim- 
ary (volcanic ash deposits and glacial moraines) and some are clearly 
secondary (forest harvesting and large-scale windstorms), the dynamics of 
others can only be obscured by forcing each into a rigid classification. 
Seres following the most intensive fires, those on long-degraded agricultu- 
ral land, and perhaps those on river bars fall into the intermediate 
category. These seres develop in substrates that have some organic matter 
in the soil at the start, but less than a full complement. 

Discussions of resource availability during colonization and succession 
frequently encounter the difficulty that plants’ and microbes’ require- 
ments for resources vary systematically with successional time. Accord- 
ingly, organisms can develop resource limitations, or begin to compete 
strongly for resources, even where resource supply is constant. We will 
consider ‘resource availability’ to be synonymous with ‘resource supply’ 
or ‘resource flux density’; all represent the amount of a given resource 
that enters into available forms in a given period of time. 

In practice, it is relatively easy to measure the supply of certain re- 
sources and relatively difficult to measure others. Light availability can be 
determined straightforwardly as the photosynthetically-active photon flux 
density (PPFD) above a plant canopy. Water is more difficult; inputs are 
nearly independent of succession (save for situations where a substantial 
component of horizontal interception is present, cf. Lovett, Reiners & 
Olson 1982), but soil water holding capacity depends on the texture of 
soil and on the amount of soil organic matter present. Soil profiles in 
primary succession generally develop finer soil textures, increased soil 
organic matter, and therefore increased water holding capacity through 
time on glacial moraines (Crocker & Major 1955; Viereck 1966), dunes 
(Olson 1958), volcanic substrates (Tezuka 1961; Vitousek et al. 1983), 
and river floodplains (Walker 198s). 

Nitrogen availability is still more difficult. We will define nitrogen 
availability as the net release of inorganic nitrogen from organically 
bound forms (net nitrogen mineralization). This definition accounts for 
the vast majority of nitrogen that moves into available forms in the soil 
(Rosswall 1976). It does not account for plants with microbial symbioses 
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capable of fixing atmospheric nitrogen, nor does it differentiate 
ammonium-nitrogen from nitrate-nitrogen, nor does it deal with the dual 
role of micro-organisms as the major producers of inorganic nitrogen and 
as its most important consumers (Rosswall 1976). Finally, it neglects the 
ways in which nitrogen demand and nitrogen supply can interact, feeding 
back to alter nitrogen supply either positively or negatively—but that will 
be a major point of this chapter. 

The distinction between resource supply and resource demand breaks 
down when lithophilic (rock- or soil-derived) nutrients are considered. 
The biological availability of phosphorus and the major cations is reg- 
ulated by the weathering of primary and secondary minerals and 
adsorption/desorption reactions in addition to release from organically 
bound forms. Rates of weathering and/or desorption can be greatly 
altered by biological activity (Gorham, Vitousek & Reiners 1979; Uehara 
& Gillman 1981), and can vary systematically during primary succession. 

We believe, nonetheless, that it is a useful first step to consider re- 
source supply in isolation from resource demand, and to consider primary 
succession as wholly distinct from secondary succession. The intermediate 
situations can be dealt with more clearly once the nature of the extremes 
is understood. 


PRIMARY SUCCESSION 


Resource availability 


There is a rich body of theory designed to explain patterns of resource 
availability in primary succession. Work in this area is long-standing 
(Clements 1916; Cooper 1926), but it has received its most satisfying 
treatment recently from T.W. Walker and his colleagues (Stevens & 
Walker 1970; Adams & Walker 1975; Walker & Syers 1976). Their 
research has emphasized the significance of phosphorus in primary succes- 
sion, an emphasis that has developed in part because phosphorus, with 
nitrogen, is in short supply relative to the requirements of organisms in 
many ecosystems, and in part because phosphorus availability in soils 
essentially runs down through the course of soil development. Unlike 
nitrogen, any phosphorus lost from a site cannot be replaced from an 
inexhaustible atmospheric pool. 

Walker & Syers (1976) pointed out that at the beginning of primary 
succession, most of the phosphorus in the parent material is within 
primary minerals, especially apatite. Under the influence of water and 
hydrogen ions, these primary minerals break down to release phosphate 
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in fiologically available forms. Much of this P is taken up by organisms, 
utilized, and eventually returned to the soil as ester-bonded organic 
phosphorus (P,). Microbial activity releases biologically available phos- 
phate from P,. Most of this phosphate is then taken up by organisms or 
reversibly adsorbed; a small fraction of it is eroded, leached, or irrevers- 
ibly adsorbed in the soil. Consequently, after many years and many 
passages through the biota, the total amount of phosphorus in a soil can 
decline, and the fraction of the remaining phosphorus which is in biologi- 
cally available forms can decrease to trace amounts. Walker & Syers 
(1976) suggested that these processes can ultimately lead to a ‘terminal 
steady state’ of phosphorus deficiency, low productivity, and a very low 
capacity for recovery from disturbance; similar observations have been 
made on geomorphologically old soils in other regions (B.H. Walker et al. 
1981; J. Walker et al. 1981). 

These changes in the phosphorus cycle during primary succession are 
summarized in Fig. 10.2. A similar decline in element availability during 
primary succession could be anticipated for most of the metallic elements 
(Gorham, Vitousek & Reiners 1979), although the importance of inorga- 
nic adsorption and organic compounds (if any) would certainly differ. 
Phosphorus is more important in regulating biotic processes and is held 
more conservatively within soil than most other such elements. 

Walker & Syers (1976) concluded that the pattern for phosphorus (Fig. 
10.2) has implications for nitrogen availability as well. Most primary 
substrates start with virtually no nitrogen and with the maximum amount 
of phosphorus that they will ever have. The relative importance of atmos- 
pheric deposition versus weathering in supplying phosphorus and other 
lithophilic elements to primary seres has been inadequately studied, 
however, and it is possible that atmospheric deposition of phosphorus 
may be important during primary succession on sand dunes (Kellman 
1985). 

Nitrogen-fixing organisms require large amounts of phosphorus, and 
they should have a substantial competitive advantage early in most prim- 
ary seres. In fact, primary seres are often dominated by plants with 
nitrogen-fixing symbioses at some point early in primary succession 
(Stevens & Walker 1970; Gorham, Vitousek & Reiners 1979). A general 
pattern for nitrogen availability in primary succession might therefore 
appear as in Fig. 10.3. This curve suggests a more rapid increase in 
nitrogen availability than that observed in the Hawaiian tephra sere (Fig. 
10.1), reflecting the absence of any symbiotic nitrogen-fixer from that 
sere. 

The patterns summarized by Walker & Syers (1976) were based on 
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Fic. 10.2. Generalized pattern of change in total phosphorus (top line) and soil phosphorus 
fractions during soil development. Redrawn from Walker & Syers (1976). 
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Fic. 10.3. Hypothetical pattern for nitrogen supply (= net nitrogen mineralization) during 
soil development in a primary sere containing a stage dominated by symbiotic nitrogen- 
fixers. 


extensive chemical fractionation studies of four soil chronosequences in 
New Zealand. A more recent study in Australia (J. Walker et al. 1981) 
suggested similar patterns of phosphorus availability with primary succes- 
sion but a rather different mechanism. They reported that most soil 
phosphorus remained on-site, but that it was transported to a deep 
B-horizon in the soil with which plants eventually lost contact. 

McGill & Cole (1981) extended the Walker & Syers’ model by using a 
more detailed consideration of the chemical forms of organically bound 
nutrients in the soil. They demonstrated that most of the organic phos- 
phorus and much of the organic sulphur in soil is ester-bonded, while 
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mest of the organic nitrogen and some of the sulphur is bonded directly to 
organic carbon. The ester-bonded forms are subject to cleavage by ex- 
tracellular enzymes, which can be produced in response to phosphorus or 
sulphur deficiency. The organic compound containing carbon-bonded ele- 
ments must be broken down by decomposers in order for these nutrients 
to be released. 

This difference suggests that release of organic phosphorus into biologi- 
cally available phosphate can be more or less synchronized with micro- 
bial, mycorrhizal, and perhaps plant requirements. No such mechanism 
can synchronize nitrogen supply and demand: in colder areas where 
decomposition is slow, nitrogen cycling is also delayed. This distinction 
may explain why phosphorus deficiencies often occur late in primary 
succession, especially in tropical or subtropical areas, whereas nitrogen is 
often limiting at all stages of primary succession in temperate and boreal 
regions (McGill & Cole 1981). 


Implications for colonization and succession 


The most obvious implications of these patterns is that plants with 
nitrogen-fixing symbioses should have a strong competitive advantage 
over non-fixers at some point early in primary succession. Nitrogen-fixing 
organisms accumulate fixed nitrogen within a site, and it seems reason- 
able that in doing so they facilitate the growth of non-fixers later in 
succession. Direct evidence for such facilitation is lacking in primary seres, 
however, although it can be inferred from some studies of land reclama- 
tion (Gadgil 1971; Palaniappan, Marrs & Bradshaw 1979) and secondary 
succession (Tarrant & Trappe 1971; Binkley, Lousier & Cromack 1984). 
Moreover, there is contrary evidence which suggests that rapidly growing 
nitrogen-fixers may inhibit establishment and growth of other species, 
particularly more slowly growing late successional species (Walker & 
Chapin, in press). Nonetheless, the nitrogen-fixing stage which commonly 
occurs in primary succession often adds the majority of the nitrogen 
present in later successional stages. It must be important in long-term soil 
development, and the growth of later colonizers is presumably enhanced 
as a consequence of improved soil nutrition (Reiners 1981; Bolin et al. 
1983). 

A second implication of the patterns of resource availability described 
above (Figs 10.2, 10.3) is that the earliest colonizers in primary sub- 
strates must be tolerant of extreme environmental conditions (Vitousek & 
White 1981; Finegan 1984). They are likely to have more than adequate 
lithophilic nutrients and light: PPFD above the canopy is independent of 
successional age, and cover is generally extremely sparse in early succes- 
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sion. Water input is also largely independent of succession, although fog 
interception may increase. However, the water-holding capacity of soils is 
likely to be as low as it will ever be, because physical weathering and 
pedogenic clay formation make soils finer in texture, and soil organic 
matter accumulates during primary succession. Finally, the supply of 
available nitrogen (to a non-fixer) is extremely low. Colonization by 
plants with inherently low relative growth rates and slow rates of turnover 
might be anticipated (Grime 1979; Chapin 1980), in contrast with the 
predictions of Bazzaz (1979) (which were developed for secondary succes- 
sion). 

It is interesting that despite the very low levels of nitrogen early in 
primary seres, the initial colonizers are often non-fixers (although 
nitrogen-fixers are frequently the first species to form stands of con- 
tinuous cover) (Grubb 1986). For example, the first colonizers on river 
bars on an Alaskan floodplain are herbs and willows (Van Cleve & 
Viereck 1981); these are succeeded by nitrogen-fixing alder (Alnus cris- 
pa). This river-bar sere starts out richer in nitrogen than most primary 
seres (Van Cleve, Viereck & Schlentner 1971; Walker 1985), but similar 
patterns are observed in other areas. Dispersal ability and stochastic 
factors may override patterns of nutrient availability, and lead to the 
initial establishment of non-fixers (Walker, Zasada, & Chapin 1986). 
Moreover, the low demand for nitrogen by heterotrophs in sites with very 
little organic matter, together with the high mobility of nitrate, may allow 
non-fixing species to persist through the utilization of nitrogen inputs 
from precipitation or flooding (Van Cleve, Viereck & Schlentner 1971; 
Grubb 1986). 

The final implication that we intend to draw is that late-successional 
species in very old soils must be able to cope with very low levels of 
available phosphorus (Walker & Syers 1976; B.H. Walker er al. 1981). 
Phosphorus is nearly immobile in soil (Nye & Tinker 1977), so plants in 
old, low-phosphorus soils must allocate a large proportion of their energy 
to roots and/or mycorrhizae. Adaptations such as surface root mats, ex- 
tremely high phosphorus use efficiency, and even tree-climbing roots are 
observed in old, low-phosphorus tropical soils (Jordan & Herrera 1981). 


SECONDARY SUCCESSION 


Resource availability 


Somewhat surprisingly, there seems to be less solid mechanism-based 
theory concerning patterns of resource availability in secondary succes- 
sion than exists for primary succession. A great deal of effort has gone 


Ecosystem-level interactions 215 


into understanding nutrient losses and ecosystem-level nutrient budgets 
following forest harvesting and other disturbances (Likens et al. 1970; 
Bormann & Likens 1979; Vitousek & Melillo 1979; Vitousek et al. 1982): 
well over 100 sites have been studied. As discussed below, however, 
nutrient losses or nutrient budgets more closely reflect the balance be- 
tween resource supply and demand than any underlying pattern in re- 
source supply alone. 

Light availability does not vary with secondary succession, although the 
amount reaching the soil surface is certainly greatly increased immediate- 
ly after disturbance. Water-holding capacity in the soil varies much less in 
secondary succession that in primary succession, so overall water supply 
also varies little with succession. Clearing a forest greatly reduces trans- 
piration while increasing evaporation from the soil surface to a lesser 
extent. Consequently, total water yield to streams is generally increased, 
the soil surface is drier, and the water table is raised in disturbed sites 
(Swank & Douglass 1974; Bormann & Likens 1979). 

A few studies have reported patterns of nitrogen supply in disturbed 
sites (Matson & Vitousek 1981; Gordon & Van Cleve 1983; Matson & 
Boone 1984; Vitousek & Matson 1985) and through secondary seres 
(Lamb 1980; Robertson & Vitousek 1981; Robertson 1984). Fewer have 
reported patterns for phosphorus or other elements (Black & Marion 
1984; M.J. Mazzarino & J.J. Ewel, pers. comm.). Nitrogen supply (net 
nitrogen mineralization) is generally increased several-fold shortly after 
disturbance. This pulse of nitrogen supply can continue at a low level for 
decades in extremely infertile sites (Matson & Boone 1984), for at least 3 
years in other temperate forests (Matson & Vitousek 1981), or for only a 
few months in the Costa Rican site in Fig. 10.1. 

In the absence of feedback from colonizing organisms, it seems unlikely 
that further changes in nutrient supply would be anticipated once the 
forest canopy closed. Where succession occurs on degraded agricultural 
land, however, some increase in nitrogen supply is likely as a result of 
increases in soil nitrogen capital during the course of succession (Nye & 
Greenland 1960; Zinke, Sabhasri & Kunstadter 1978). Similar increases 
would be expected following disturbances in which subsoil is brought to 
the surface, as occurs in the root-throw zone of treefall gaps (Bazzaz 
1983). 

Following disturbance and during secondary succession, changes in the 
resource demands of plants are at least as rapid as changes in resource 
supply. Shortly after a disturbance, the supply of available nitrogen is 
increased and demand much reduced (Fig. 10.4). The process of vegeta- 
tion recovery is associated with a decrease in supply and an increase in 
demand; demand generally outstrips supply within 5—20 years, and re- 
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mains elevated as long as the successional forest continues to accumulate 
biomass and nutrients. Finally, demand may come into a rough equilib- 
rium with supply late in secondary succession (Vitousek & Reiners 1975; 
Bormann & Likens 1979; Silsbee & Larson 1982); this equilibrium may be 
mediated by small-scale disturbance within the area studied. 

The line for total nutrient supply on Fig. 10.4 represents the amount 
that could be acquired by organisms; the difference between the lines 
should indicate the potential magnitude of competition for nitrogen as 
well as potential nutrient losses from a site (Vitousek & Reiners 1975). In 
practice, large-scale nutrient losses of the magnitude suggested by Fig. 
10.4 are rarely observed in disturbed sites (Vitousek & Melillo 1979). The 
pattern suggested there should be general, and very high losses are indeed 
observed in some sites (Likens er al. 1970; Wiklander 1981; Berish 1983). 
The major reason for the lack of extreme nutrient losses in many dis- 
turbed sites is the dual role of soil micro-organisms. They break down 
organic compounds and release nutrients in available forms, but they are 
also major consumers of available nutrients. This microbial uptake of 
nutrients (immobilization) can prevent or delay losses of nutrients from 
disturbed sites. 

Microbial immobilization is particularly important in sites where nut- 
rients are in short supply prior to disturbance. Under these conditions, 
plants utilize nutrients efficiently, and the carbon: nutrient ratio of their 
residue is high (Vitousek 1982; Melillo & Gosz 1983; Shaver & Melillo 
1984; Birk & Vitousek 1986). Microbes may then be nutrient- rather 


Nitrogen supply and demand 


Time since disturbance 


Fic. 10.4. Generalized pattern of change in nitrogen supply in the forest floor and soil 
(——) and nitrogen demand by plants (--——) following disturbance and during secondary 
forest succession. Redrawn from Vitousek (1984). 
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‘than energy-limited, and they are strong competitors for mineralized 
nutrients (Black 1968). Consequently, nutrient losses can be delayed 
while micro-organisms utilize much of the pulse of available nutrients in a 
disturbed site (Vitousek ef al. 1982). In sites where plants are not limited 
by a particular nutrient prior to disturbance, plant residue has lower 
ratios of carbon to that particular nutrient, and microbial immobilization 
is less (Vitousek 1982). 

The importance of microbial uptake in controlling pool sizes of avail- 
able nitrogen and in preventing large-scale losses of nutrients from dis- 
turbed sites was demonstrated in a clearcut area in North Carolina where 
vegetation regrowth and the amount of organic residue remaining on-site 
were altered factorially. Removal of organic residue scarcely changed 
nitrogen supply, but it decreased the immobilization of nitrogen by micro- 
organisms and led to a large increase in soil nitrate and in nitrogen losses 
(Vitousek & Matson 1984; 1985). 


Implications for colonization and succession 


Resource availability is generally at its maximum shortly after disturb- 
ance, although soil temperature and moisture cycles on bare ground can 
inhibit seedling establishment in some sites. Most species which reach 
open sites grow rapidly (Bazzaz 1979), and dispersal ability and chance 
elements in establishment seem most likely to control initial composition 
(Noble & Slatyer 1980; Hils & Vankat 1982). Specific adaptations which 
tie species life-cycles to high-resource conditions can be observed; for 
example, a number of early successional species apparently use nitrate 
levels in the soil as a germination cue (Peterson & Bazzaz 1978; Au- 
chmoody 1979). Despite the dominance of rapidly-growing species, most 
later successional plants should also be able to make their best growth on 
newly disturbed sites—if they can get there, and if (once there) they are 
not suppressed by rapidly growing species (cf. Harcombe 1977). 

The rapid growth and high nutrient contents of most early successional 
pioneers can feed back to affect resource availability at the ecosystem 
level in a number of ways. The litter of such plants is higher in nitrogen 
and can be lower in phenolic compounds and lignins than that of later 
successional plants (Melillo, Aber, & Muratore 1982); it generally decom- 
poses and releases its nutrients more rapidly. Covington (1981) showed 
that the total amounts of nutrients bound up in the forest floor of a 
northern hardwoods forest declined for 15 years following clearcutting, 
despite the fact that productivity and leaf area index reached or exceeded 
pre-disturbance levels within 4—6 years. High levels of nutrient supply 
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and the chemical composition of the colonizers may thus establish a 
positive feedback which maintains rapid rates of nutrient cycling and 
therefore elevated levels of nutrient availability for several years. 

Later in succession, plant demand for nutrients generally exceeds the 
supply in mineralization (Fig. 10.4). Plants can take up slightly more 
nutrients than are mineralized because they acquire nutrients entering 
ecosystems through precipitation, rock weathering, and specialized pro- 
cesses such as nitrogen fixation. Nutrient limitation can occur at any stage 
of succession, but it is likely to be most intense where plant nutrient 
demand exceeds soil nutrient supply. Where decomposition is slow 
enough so that both the vegetation and the forest floor are accumulating 
nutrients simultaneously, the limiting nutrient is very likely to be nitrogen 
(Bormann & Likens 1979; Miller 1981). This limitation should be most 
important in low-decomposition sites because nitrogen release is closely 
coupled to decomposition rather than plant demand (McGill & Cole 
1981). 

Where potential plant demand for plant nutrients exceeds supply, 
nutrient use efficiency increases. This increase could come about because 
of increased retranslocation of nutrients from senescing plant parts 
(Stachurski & Zimka 1975; Shaver & Melillo 1984), because of increased 
investment of carbon in nutrient acquisition (Keyes & Grier 1980), be- 
cause of greater leaf longevity (Small 1972; Chabot & Hicks 1982), or 
because of greater in situ carbon fixation per unit of nutrient in the plant 
(Birk & Vitousek 1986). Whatever the mechanism, the consequence 
is higher carbon: nutrient ratios in plant residue (Vitousek 1982). This 
material can then cause micro-organisms to use nutrients more conserva- 
tively, and thereby to decrease nutrient supply to plants. Consequently, a 
positive feedback towards efficient internal nutrient cycling and low nut- 
rient supply in the soil can be established (Gosz 1981; Vitousek 1982). 

In the absence of further large-scale disturbance, an even-aged stand 
must eventually begin to break up as the first generation trees in the 
overstorey die (Peet 1981). In special circumstances, this dieback may 
occur in whole stands (Mueller-Dombois 1983) or in waves (Sprugel 
1976; McCauley & Cook 1980); more often it will be a mixture of treefall 
gaps and small-scale patches (Hartshorn 1978; Reiners & Lang 1979; 
Denslow 1980). While the large-scale patches clearly enhance nutrient 
availability in dieback areas (Matson & Boone 1984), it is not clear how 
strongly small-scale processes such as treefall gaps alter nutrient supply. 
P.M. Vitousek & J.S. Denslow (in press) found little enhancement of 
nitrogen supply in the crown-fall zone of treefall gaps in a lowland 
tropical forest, but background levels of nitrogen supply were so high that 
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any small increase would have been difficult to detect. On the other hand, 
light levels in gaps were increased fortyfold (Chazdon & Fetcher 1984). 
Overall, it seems likely that both the mean nutrient supply (on an areal 
basis) and the variance of that nutrient supply increase later in secondary 
succession as a consequence of vegetation processes. 
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